Abstract-Guided wave inspection is used extensively in petrochemical plants to check for defects such as corrosion. Long-range low-frequency inspection can be used to detect relatively large defects, while higher frequency inspection provides improved sensitivity to small defects, but the presence of multiple dispersive modes makes it difficult to implement. This paper investigates the possibility of exciting a single-mode Lamb wave with low dispersion at a frequency thickness of around 20 MHz-mm. It is shown by finite element (FE) analysis backed up by experiments that a signal dominated by the A1 mode can be generated, even in a region where many modes have similar phase velocities. The A1 mode has relatively little motion at the plate surface which means that only a small reflection is generated at features such as T-joints; this is verified numerically. It is also expected that it will be relatively unaffected by surface roughness or attenuative coatings. These features are very similar to those of the higher order mode cluster (HOMC) reported by other authors, and it is shown that the A1 mode shape is very similar to the deflected shape reported in HOMC.
I. INTRODUCTION
G UIDED wave inspection is routinely used in the petrochemical and other industries to detect corrosion defects in pipes [1] - [3] ; the method has the advantage that a long length of pipe can be inspected from a single transducer position, so it is particularly attractive for the use on insulated or buried piping systems. Long distance propagation is achieved through the use of low frequencies, typically < 50 kHz, so the method is limited to the detection of relatively severe defects; the defect "call" level is often set to around 5% cross-sectional loss [3] - [8] . The reflection of low-frequency guided waves from simple [9] and realistic [10] defect shapes has been extensively studied and is well understood. Defects can be detected at pipe supports but the test is less reliable than in plain sections of pipe because a reflection is obtained even from a good support and the size of the reflection is a function of the geometry, load, and contact conditions [11] . The reflection coefficient at the support reduces with frequency [11] , so it would be beneficial to test at higher frequencies, and this could also improve the sensitivity of the test to smaller pitting-type defects.
Higher frequency guided modes have been used in a number of applications and have been extensively studied. Much work has been done in the frequency range around 100-300 kHz; e.g., Alers et al. [12] , [13] studied the reflection from a cylindrical surface defect with electromagnetic transducers at frequencythickness products around 1.2 MHz-mm, while Köhler et al. [14] , [15] investigated the interaction of Lamb waves with drilled holes in an aluminum plate and the possibility of sizing them. Other examples include Salzburger et al. [16] , [17] considering the use of guided shear waves for laser weld, pipe corrosion, and crack inspection. There has also been interest in testing over distances in the 1-5-m range at higher frequencies. For example, the multiskip (M-skip) method [18] , [19] uses angled shear waves bouncing between the plate/pipe surfaces in a pitch-catch configuration. Balasubramaniam et al. [20] - [26] have pioneered a technique they term Higher Order Mode Cluster (HOMC) that uses Lamb modes in the ∼ 20-MHz-mm frequency-thickness range to detect pitting and corrosion in plates and pipes. The method has the attraction that the wave packet excited is virtually nondispersive so it gives good spatial resolution; it also has low motion at the surface and so it is fairly insensitive to surface roughness, attenuative coatings such as bitumen, and liquid loading. It has been used to inspect the annular ring of the base of oil storage tanks from the rim outside the tank wall; the low surface motion means that it propagates under the wall with minimal reflection [25] . Likewise propagation is insensitive to loading conditions at simple supports so it would be potentially attractive for monitoring pipe supports. The HOMC can be excited via a piezoelectric transducer and a wedge setup, the wedge angle corresponding to the excitation of waves at close to the bulk shear velocity in the waveguide [20] - [23] . However, it is not evident how waves with negligible out-ofplane surface displacement are excited nor is it clear, which modes are excited and how they contribute to the formation of the reported cluster. Ratnam et al. [24] showed that HOMC can also be generated using EMATs but the waveforms obtained experimentally are more similar to a single nondispersive mode packet than the corresponding finite element (FE) predictions, leaving some uncertainty about the generation mechanism.
The phase velocity dispersion curves of the first six modes of an aluminum plate obtained using the DISPERSE software [27] are shown in Fig. 1 ; aluminum is used here for comparison with Balasubramaniam et al. [20] but the curves for steel are very similar. Here, the convergence of the A0 and S0 modes to the Rayleigh velocity is evident while other modes asymptote to the bulk shear velocity at high-frequency-thickness products. The HOMC technique proposed by Balasubramaniam operates in the region around 20 MHz-mm indicated on the figure and the wedge angle used corresponds to a phase velocity of 3250 m/s, i.e., ∼ 4% higher than the bulk shear velocity. This paper studies the excitation of Lamb modes at highfrequency-thickness products and investigates the possibility of single-mode excitation within a high modal density region in the dispersion curves; it also looks at the modal composition leading to the HOMC observations. In order to understand the essential physics of the problem, a 2-D analysis was employed.
II. PREDICTION OF EXCITATION RESPONSE VIA MODE SELECTIVITY AND EXCITABILITY
The response amplitude of a mode at a particular frequency/wavenumber excited within a waveguide is directly related to the product of the excitation force and the modal excitability at the corresponding frequency/wavenumber. With all forms of excitation, the frequency bandwidth is dictated by the nature of the excitation signal in time; typically, in guided wave applications, this is specified by the center frequency, the number of cycles used, and the window applied [28] . Following Balasubramaniam et al. [20] - [23] , [25] , [26] , this paper considers the case of excitation via a piezoelectric transducer on an angled wedge. Here, the wavenumber bandwidth is determined by a combination of the transducer size and the wedge angle [28] ; these two parameters govern the projected excitation length on the surface of the plate as well as the phasing of the applied force, as shown in Fig. 2 .
In order to calculate the excitation wavenumber bandwidth, the wedge configuration was simulated by phased point forces on the surface of the plate. First, the length of the line force (L) on the surface was obtained from transducer size (d) and wedge angle (ϑ) as defined in Fig. 2 ; then, the time delay between adjacent point forces was calculated according to the angle and the acoustic properties of the wedge. The excitation signal of each point force was determined according to the applied signal in time and its corresponding time delay. Finally, a Fourier transform in space and time (2-D FFT) was used to calculate the excitation bandwidth. In this very simple model, a collimated beam in the wedge was assumed.
A. Influence of Excitation Signal, Transducer Size, and Wedge Angle on Induced Modes
At high frequency-thickness products, as the dispersion curves of higher modes asymptote to the bulk shear velocity, the generated modal response is very sensitive to the excitation configuration, so understanding the influence of each excitation parameter on the force bandwidths is vital. It should be noted that aluminum was used as the test plate to provide easy comparison to related studies [20] . However, the dispersion relationships for steel are very similar so the same broad conclusions can also be applied to steel (in both cases, it was assumed that the material is isotropic).
Some examples of the effects of excitation length, wedge angle, window in space, and signal in time are shown in Fig. 3 . The influence of projected excitation length (L) is illustrated in Fig. 3 (a) and (b) where the reduction of wavenumber bandwidth as the excitation length is increased from 2 to 15 wavelengths is apparent. Both figures are for a rectangular window excitation in space, which produces multiple sidelobes, as clearly seen in Fig. 3(b) . In order to demonstrate the effect of a real piezoelectric transducer that does not produce a pure pistonlike response, Fig. 3(c) shows the effect of a Hanning window in space for the same excitation length and wedge angle as Fig. 3(b) ; here, significant reduction of sidelobes is seen while the wavenumber bandwidth of the central lobe is increased. Fig. 3(d) shows the effect of increasing the excitation length to 40 wavelengths; this case corresponds to a 1-in transducer on a 62
• PMMA (c L = 2692 m/s, ρ = 1180 kg/m 3 ) wedge at a center frequency of 2.25 MHz. Fig. 3 (e) displays the effect of wedge angle reduction from 62
• to 56
• on the excitation force compared to Fig. 3(d) ; here, the sensitivity of the modal excitation to the wedge angle is apparent-at 62
, the excitation is centered between the Rayleigh and A1 modes, while at 56
, it is centered on the S1 mode. Finally, Fig. 3 (f) illustrates the reduction of frequency bandwidth by increasing the excitation signal from 5 to 10 cycles. Fig. 4 shows the 10-dB wavenumber bandwidth as a function of projected excitation length (L) for a 62
• PMMA wedge and Hanning window in space setup. Here, it is evident that for a single point excitation (L = 0), the wavenumber bandwidth is infinite that results in the excitation of all the modes present at the corresponding frequency-thickness product on the dispersion curves ( Fig. 1) . Fig. 4 also illustrates that the wavenumber bandwidth asymptotes to zero at high projected excitation lengths (measured in wavelengths), suggesting that single mode excitation in a high modal density region will be possible with a large transducer. Guided wave inspection is often easier with a nondispersive mode [28] , [29] and the A1 mode is the least dispersive with lowest surface motion in the frequency-thickness range employed by Balasubramaniam et al. [20] - [26] ; the deflected shape of the HOMC shown in [20, Fig. 4 ] is also similar to that of the A1 mode. It was therefore decided to investigate the feasibility of exciting a pure A1 mode. It should be noted that while the Rayleigh wave provides completely nondispersive properties, it exhibits large surface motion which means it is highly sensitive to surface loading and roughness, as well as surface coatings and attachments [30] .
It was decided to operate around 18 MHz-mm, as was done by Balasubramaniam et al. [20] , corresponding to a center frequency of 2.25 MHz in an 8-mm thick plate. The wavelength at this frequency is 1.35 mm so the 40λ projected excitation length of Fig. 3(d) corresponds to a transducer size of about 1 in on a 62
• wedge. Transduction was simulated, in the case of force bandwidth calculations and FE analysis, by phased excitation via the application of time delays calculated according to the time of flight of the longitudinal wave in an angled PMMA wedge.
The excitation force bandwidth for a 1-in transducer on a 62
• PMMA wedge at a center frequency of 2.25 MHz is illustrated in Fig. 5 . Here, the presence of the sidelobes is clearly shown, but Hanning window weighting means their maxima are 32 dB down compared to the central lobe. 
B. Excitability of Lamb Waves Generated Using Fluid Coupled Wedge
Excitability is defined as the parameter that relates the amplitude of the excitation force and the modal response of a particular mode at a specific frequency; the excitability of a mode is determined by its mode shape surface displacement at the excitation frequency of interest. The 2-D excitability of each mode can be obtained from [31] 
where υ k is the surface displacement of the mode shape (in desired direction k) and P is the power flow signified by the mode shape; the mode shapes are often normalized to give unit power flow [32] . Fig. 6 shows the excitability values of the modes of interest as a function of frequency-thickness product, where convergence of A0 and S0 to the Rayleigh mode is evident and the excitability of higher modes asymptote to zero at raised frequency-thickness values. It is clear that A1 exhibits the lowest excitability value within the nondispersive region of the dispersion curve due to its low out-of-plane surface motion.
C. Modal Response Calculation
The response amplitude of the modes of interest as a function of wedge angle was obtained from
where R is the modal response amplitude, F is the excitation amplitude from the force wavenumber spectrum, and E is the excitability value (Fig. 6) ; all three values are obtained for a specific forcing direction (out-of-plane in this study) on mode m at angular frequency ω. Fig. 7(a) shows the surface modal response amplitude in the out-of-plane direction of the A1 mode for wedge angles from 56
• to 64 • , the maximum amplitude being at 59
• . However, the ratio of the amplitude of the mode of interest to that of other modes is often more important in the practical signal-tonoise ratio (SNR) than the absolute amplitude; Fig. 7(b) and (c) illustrates the A1/S1 and A1/A2 out-of-plane modal response amplitude ratios as a function of wedge angle, respectively. It can be seen that a 62
• angle provides the largest response amplitude ratios of A1 to both the S1 and A2 modes. The minimum in the A1/A2 ratio at a 61
• wedge angle shown in Fig. 7 (c) was found to be caused by a sidelobe in the force wavenumber spectrum (Fig. 5) that produced a local maximum in the amplitude of the A2 mode.
III. FE VERIFICATION
In order to verify the validity of the selectivity and excitability predictions, FE analysis was used, where excitation equivalent to that in the selectivity calculations was applied and the out-of-plane surface displacement was output along a line; a 2-D FFT was performed to identify the modes excited within the wave guide. To further establish the nature of each mode, in-plane and out-of-plane deflected shapes were obtained from a set of cross-sectional monitoring points. 
A. FE Model Setup
The FE simulations were performed on the ABAQUS CAE package in a 2-D plane strain configuration. Fig. 8 shows the overall FE simulation setup, where an 8-mm-thick aluminum plate was created using CPS4R elements and to maintain stability and accuracy, appropriate time step (8 ns) and element size (square 0.05 mm) were applied. Excitation with a 1-in transducer on a fluid coupled 62
• PMMA wedge was simulated by phased out-of-plane point forces on the top surface of the plate, while the excitation signal in time was a 5-cycle Hanning-windowed toneburst at a center frequency of 2.25 MHz. A 200-mm surface line scan was employed to perform the 2-D FFT that was used to identify the induced modes in the plate; also in order to obtain the deflected shapes of each mode, cross-sectional monitoring points were positioned approximately 710 mm from the excitation.
The monitoring line was placed on the opposite surface of the plate from the excitation, as shown in Fig. 8 . This was done in order to avoid the response being dominated by the Rayleigh wave that has very high excitability, as shown in Fig. 6 ; the modes of interest have the same absolute amplitudes on the top and bottom surfaces. In practice, the Rayleigh wave is heavily damped by leakage into the excitation wedge that extends beyond the excitation region, but for computational efficiency, the wedge was not modeled in the main simulations. The damping of the Rayleigh wave was verified in a separate simulation in which a PMMA block of 100-mm length and 30-mm height was coupled to the plate after the excitation region in the out-of-plane direction to simulate a fluid coupled wedge; it was found that no significant Rayleigh wave was transmitted past the block, so validating the approach.
B. Modal Decomposition With 2-D FFT
The 2-D FFT in space and time was performed on the out-ofplane displacement time traces recorded by the surface line scan located around 500 mm from the excitation. Fig. 9 shows the 2-D FFT color plot of the line scan where the presence of A1 mode is clearly displayed, while S1 exhibits lower amplitude that correlates closely with the predictions from selectivity and excitability [ Fig. 7(b) and (c)] . Fig. 10 illustrates the 2-D FFT amplitude of Fig. 9 at the center frequency (2.25 MHz) where each peak corresponds to a Lamb mode present within the plate.
C. Mode Shape Verification of Excited Modes
To further study the nature of the excited modes reported by the 2-D FFT, the in-plane and out-of-plane deflected shapes of each mode were obtained from the cross-sectional monitoring points positioned approximately 710 mm from the excitation. Fig. 11 shows the displacement magnitude snapshot at 272 µs at around 750 mm from the excitation obtained from the FE results; due to small differences in group velocities, the A1 mode can be separated from smaller amplitude S1 mode. Fig. 12(a) and (b) shows the deflected shapes recorded at around 710 mm from excitation at step times of 247 and 253 µs, respectively. By comparing these figures with the mode shapes of different plate modes, it is clear that Fig. 12(a) and (b) illustrates the deflected shapes of the A1 and S1 modes, respectively; here, it is clear that the A1 mode exhibits small surface motion which means lower sensitivity to surface loading. It is noteworthy that the deflected shape of Fig. 12(a) correlates closely with the deflected shape of HOMC reported by Balasubramaniam et al. [20, Fig. 4 ].
D. Wedge Signal Reception
In an experimental pitch-catch setup, the response signal is typically received via an angled wedge similar to that used for transmission (in pulse-echo, the same wedge is used). To simulate this effect, phased addition of the surface out-of-plane surface displacements was performed. Fig. 13(a) shows the out-of-plane surface displacement time trace recorded at a single point approximately 600 mm from the excitation, where the presence of the A1 and S1 modes is clearly displayed. Fig. 13(b) illustrates the time trace of the out-of-plane surface displacement signal received via a 1-in transducer on a 62
• PMMA wedge. Here, the presence of A1 as a single mode is evident due to the selectivity process of the angled wedge. It should also be noted that, as expected, the A1 mode experiences minimal dispersion in the time traces of Fig. 13 . 
IV. INTERACTION OF PURE A1 MODE WITH T-JOINT
One application of guided wave inspection is the detection of corrosion in the annular ring of the base of oil storage tanks from the rim outside the tank wall; Chandrasekaran et al. [25] report that the low surface motion of what they term an HOMC means that it propagates under the wall with minimal reflection. It is therefore of interest to investigate the interaction of the A1 mode at high-frequency thickness with a T-joint.
The joint considered was an 8-mm-thick aluminum plate rigidly attached to a similar plate at right angles to it; Fig. 14 shows the FE simulation setup where in order to generate A1 as a single mode, a similar excitation configuration to that used above (1-in transducer length, 5-cycle Hanningwindowed toneburst in time at a center frequency of 2.25 MHz, Hanning window in space, and a 62
• PMMA wedge) was applied. In order to quantify the reflection from the T-joint, a 100-mm surface line scan situated 70 mm behind the T-joint was employed. It should be noted that to avoid interaction with the Rayleigh wave, as with the previous simulations, the surface line scan was positioned on the bottom surface of the main plate. Fig. 15 illustrates the superimposed time traces of the outgoing (A1) mode and the reflected waves from the T-joint received with a 1-in transducer on a 62
• PMMA wedge where it is clear that virtually no reflection is recorded. In order to simulate the wedge reception for the outgoing and the reflected waves, the phased addition was carried out in opposite directions for the transmitted and received signals since the wave packets propagate in opposite directions.
V. EXPERIMENTAL MEASUREMENTS
In order to establish the validity of the FE predictions on the possibility of pure mode excitation at high-frequency-thickness values, experimental measurements on an aluminum plate were carried out. As with the FE simulations, a 2-D FFT was performed on the out-of-plane surface displacements recorded via a line scan. The presence of each mode was further confirmed through group velocity calculations. Fig. 16 illustrates the configuration of the experimental setup used to obtain the out-of-plane surface displacements along a line on a 10-mm aluminum plate. Excitation was 3 ). A 10-mm plate was used in the experiments since it was readily available, while an 8-mm plate was used in the predictions for comparison with the work of Balasubramaniam et al. [20] . Since the frequency-thickness values for the FE (8-mm Al plate) and the experiment (10-mm Al plate) are equal, the phase velocities of the A1 mode are the same, but the required wedge angles are slightly different. Therefore, a wedge angle of 63
A. Experimental Setup
• was used in the experiments compared to 62
• in the predictions to compensate for the change in center frequency. To ensure an acceptable SNR, the transducer was gel coupled to the wedge and held against it with a bolted clamp, and the wedge was gel coupled to the plate and pressed down with weights (not shown in Fig. 16 ).
The toneburst was generated via a HandyScope HS3 connected to a computer. The excitation signal was amplified via a Wavemaker Duet wave generator and then fed to the transducer. The out-of-plane surface displacement was measured using a noncontact laser vibrometer (Polytec OFV-505 Sensor Head) from which the output was amplified using the wave generator and fed back to the HandyScope. In order to perform accurate line scans, the vibrometer was mounted on a three-axis scanning frame where its position was controlled by the computer. To ensure sufficient resolution in the 2-D FFT, the line scan was performed over a 200-mm distance at 0.5-mm steps and to improve SNR, 2000 averages were used for each measurement point. 
B. Results
Similar to the FE results, a 2-D FFT in space and time was applied to the out-of-plane surface displacement time traces recorded in the line scan. The resulting amplitude plot is shown in Fig. 17 where it is clear that A1 is the dominant mode, as predicted by the FE analysis of Fig. 9 . Fig. 18 displays the out-of-plane surface displacement time trace at around 300 mm from the excitation recorded by the Fig. 18 . Measured out-of-plane surface displacement at a single point approximately 300 mm from excitation generated by a 5-cycle Hanning-windowed toneburst at 1.8-MHz center frequency excitation signal from a 1-in compression wave transducer on a gel coupled 63 • PMMA wedge.
laser vibrometer after application of a 12-dB/decade bandpass filter (6-dB bandwidth 1.44-2.16 MHz). Here, the indicated A1 and S1 modes exhibit a 2:1 amplitude ratio that shows good agreement with the FE results [ Fig. 13(a) ]. It is noteworthy that as predicted by FE, the presence of the wedge was sufficient to completely attenuate the Rayleigh wave. It should be stressed that Fig. 18 shows a single point measurement similar to the predictions of Fig. 13(a) ; the S1 mode would be further suppressed relative to the A1 mode by receiving with a wedge transducer, as would be done in practical testing.
In order to further confirm the nature of each mode, the group velocity of the wave packets was obtained through timeof-flight calculations, the peak of each wave packet being obtained from a Hilbert transform of the time trace. The dominant wave packets of Fig. 18 had group velocities of 3150 and 3000 m/s, which are within 1.5% and 1%, respectively, of the A1 and S1 group velocities obtained from the DISPERSE software.
VI. CONCLUSION
The possibility of exciting a single mode Lamb wave with low dispersion at a frequency thickness of around 20 MHzmm has been investigated. Numerical predictions of the modal response were obtained from mode selectivity and excitability calculations; these were then used to obtain the optimum excitation configuration to enable pure mode generation. It was found that given the small wavelengths at high frequencies, a typical ultrasonic transducer is many wavelengths in diameter, allowing the excitation to be centered on a narrow wavenumber bandwidth that provides the possibility of pure mode generation, even though the modes appear close together in the dispersion curves.
Excitation of the A1 mode was considered due to its nondispersive nature and low surface motion at high-frequencythickness products; this makes it attractive for NDE as it will be relatively unaffected by surface roughness and attenuative coatings. Using selectivity calculations, the appropriate excitation setup for pure A1 mode generation was established and applied to FE simulations. A 2-D FFT was performed on predicted out-of-plane surface displacements recorded in the form of a line scan. The results showed that a signal dominated by the A1 mode could be generated. Balasubramaniam et al. [20] - [26] used a very similar configuration to generate what they term an HOMC; the HOMC deflected shape they report [20] is very similar to the mode shape of the A1 mode and the group velocity of A1 mode is within 2% of the reported HOMC group velocity [20] .
The low sensitivity of the A1 mode to surface features was examined in FE by studying the interaction of the A1 mode at 18 MHz-mm with a T-joint, virtually no reflection being obtained. Again, this is in line with the reported features of HOMC.
Experimental measurements were performed on a 10-mm aluminum plate to validate the predictions; the modal decomposition was carried out using a 2-D FFT on out-of-plane surface displacements obtained via a line scan with a laser vibrometer. The measurements showed good agreement with the predicted results, confirming the possibility of pure mode generation at high-frequency-thickness products.
